Abstract. We have isolated a new female sterile mutant from Drosophila melanogaster, which arrests the embryonic development during the transition from syncytial to cellular blastoderm.
early embryogenesis when all nuclear divisions occur in a syncytium, cytoskeletal organization is especially important in the formation of a highly regular structure of cortical nuclei (for review see Fyrberg and Goldstein, 1990; Schejter and Wieschaus, 1993) . In preblastoderm stages, nuclei divide in the center of the embryo, and each nucleus is surrounded by a special domain enriched in cytoskeletal elements. The cytoskeleton is also localized in a cortical layer beneath the entire plasma membrane at that stage.
Inhibitor and cytological studies demonstrate that microfilaments and microtubules are responsible for early nuclear movement and migration toward the cortex (Foe and Alberts, 1983; Hatanaka and Okada, 1991; Baker et al., 1993) . The cytoskeletal elements undergo rearrangements during the syncytial blastoderm stage (Karr and Alberts, 1986; Kellogg et al., 1988) . During interphase, F-actin forms a cap above a pair of centrosomes that lie on the apical side of each nucleus. Starting from prophase, each of the pair of centrosomes separates and migrates to opposite sides of the nucleus to assemble a mitotic spindle, while the actin cap enlarges and spreads into pseudocleav-age furrows, the transient membrane invaginations surrounding each spindle. In anaphase, F-actin undergoes a recapping process above each tubulin aster and stays in the caps throughout telophase. The actin-based microfilament networks seem to be important for the separation of the adjacent mitotic apparati, since disruptions in actin organization would lead to centrosome clumping and defective spindles (Callaini et al., 1992; Postner et al., 1992; Sullivan et al., 1990 Sullivan et al., , 1993 . Soon after cycle 14 begins, microtubules grow from the centrosomes to surround each elongating nucleus, and actin filaments form a membraneassociated hexagonal array that invaginates, passing the bottom of each nucleus, and then closes off to form cells. The integrity of the cytoskeleton is shown to be required for mitosis and cellularization in the early embryo. Failure of proper cytoskeletal organization leads to abnormal nuclear morphology, such as nondisjunction of chromosomes and nuclear fusion (Sullivan et al., 1993) . Although cytoskeletal behavior in early cycles has been extensively studied and well characterized, the molecular mechanism remains unknown. A key step toward understanding the molecular mechanism is to define the cytoskeletal components in biochemical detail. A group of actin-binding proteins from Drosophila embryos has been isolated by F-actin affinity chromatography (Miller et al., 1989) . Most of them (>90%) colocalize with actin at some point during early development. Both myosin VI and annilin are identified from such analysis, and they seem to play important roles in organizing the embryonic cytoskeleton (Field and Alberts, 1995; Mermall and Miller, 1995) . Genetic approaches have also been applied in identifying components in embryonic cytoskeleton, either by analyzing the maternal effect mutants Sullivan et al., 1990 Sullivan et al., , 1993 or by reverse genetics (Karess et al., 1991) .
We have recently generated a number of female sterile mutants, and one of them is a novel mutant that arrests the embryonic development during the transition from syncytial to cellular blastoderm. The cleavage furrows in the mutant embryos are grossly disrupted, suggesting this maternal effect gene is involved in the formation of embryonic cytoskeleton. According to the mutant phenotype, we name the gene affected in this mutant as _discontinuous actin hexagon (dah). We have cloned and sequenced this gene, and its amino acid sequence shares limited homology with a family of cytoskeletal proteins, dystrophin, and apodystrophins. We have also generated specific antibody to monitor the expression and distribution of this protein. The maximal expression is at the syncytial/cellular blastoderm, thus coinciding with the genetic function of this protein. The immunofluorescence experiments have localized this protein in pseudocleavage and cleavage furrows, suggesting a functional role of this protein in the organization of early embryonic cytoskeleton.
Materials and Methods

Isolation of Female Sterile Mutants
Drosophila strain 438 (Bloomington Stock Center, Bloomington, 1N) contains a P-element insertion at 13C1 in the X chromosome (de Cicco and Spradling, 1984) . We have screened for mutants generated by imprecise excision events after remobilizing the P-element in 438 flies using a genomic source of transposase (Lee ct al., 1993) . Among the mutants characterized after this genetic screen, a lethal complementation group including 77, 111, 112, and 113 was isolated. Their mutations were due to a deficiency in top1 gene, which encodes DNA topoisomerase I, and could be completely rescued by an ectopic copy of topl introduced through germline transformation (Lee et al., 1993 ; see also Fig. 1 A) . We have also isolated a female sterile group including alleles of 30 and 36, which is in a different genetic complementation group from topl lethals. All of these mutants were subjected to the rescue tests by various transgenes containing genomic segments covering topl and neighboring sequences. Complementation tests of topl lethals were carried out as described before (Lee et al., 1993 
Molecular Genetics of dah
The molecular cloning of the genomic and cDNA sequences, nucleotide sequence analysis, PCR amplification, Northern blots, and immunoblots were carried out according to standard procedures (Sambrook eta[., 1989) . cDNA clones were isolated from an embryonic cDNA library (Nolan et al., 1986) . and the cloning of genomic DNA in topl/dah locus was described earlier (Lee et al., 1993) . The construction of the P-element transformation vector containing topl/dah genomic sequences, germline transformation, and screening/maintenance of the transformant lines fob lowed the established protocols (Robertson et al., 1988 ; see also Roberts, 1986 : with details specified in our earlier work, Lee et al., 1993) . Database search and homology comparison were performed with Wisconsin Sequence Analysis Package (Genetics Computer Group, Madison, Wl). The homology was first identified by BLAST search and subsequentTy analyzed by BestFit and GAP. Prediction of coiled-coil structure was made with software provided by Dr. Alex Knight (Whitehead Institute, Cambridge, MA) using a published algorithm (Lupas et al., 1991 : Knight, 1994 .
Immunoblot Analysis
The cDNA encoding full-length dab protein was cloned into a T7 expression vector pET3a (Studier et al., 1990) for expression in bacteria. The over-produced protein represented ~30% of total bacterial protein. The recombinant dab protein was purified by differential centrifugation and SDS-PAGE. The purified dah was used to raise antibody in rabbit and coupled covalently to activated agarose beads (Reacti-Gel; Pierce Chemical Co., Rockford, IL). Rabbit antibody was affinity purified from dahagarose column and showed exquisite specificity for a 71-kD protein in the Drosophila early embryo extracts. Embryonic extracts from different developmental stages were prepared as described earlier (Lee et al, 1993) . Total protein of I00 gg from each sample was run on an 8% SDS polyacrylamide gel and electroblotted to a nitrocellulose filter. Immunodetection was carried out with a chemiluminescent ECL kit (Amersham Corp., Arlington Heights, IL) according to the manufacturer's protocol.
Immunofluorescent Staining of Whole-Mount Embryos
Embryos from homozygous female sterile mutant or wild-type mothers were collected on grape juice plates at 25°C for a period of 30 min. They were staged by incubating in a humid chamber, and embryos of appropriate age were collected and washed with 0.7% NaCI and 0.[)5% Triton X-100. After dechorionation with 50% Clorox for 2 min, embryos were fixed in a 1:1 mixture of heptane and 8% formaldehyde for 20 rain. For microtubule staining, taxol was added to the fixative following a protocol developed by Karr and Alberts (1986) . While this fixation procedure may introduce artefactual microtubule staining at the centrosomal region (Kellogg et al., 1988) , we have observed a less dramatic effect on centrosome structure (see, for example, Fig. 4, A and B) . Furthermore, we are using microtubule staining, in conjunction with nuclear morphology, primarily for determining the phase of nuclear cycle in these embryos. The heptane layer containing the embryos was removed and mixed with methanol by vigorous shaking to rupture the vitelline membrane. For phalloidin staining of the F-actin, hand-peeling was used for vitelline removal. After rehydration and washing in PBS, embryos were incubated in 0.1% saponin and 1% normal goat serum in PBS for 30 rain, and then overnight with primary antibodies. The rabbit antibody against dah protein was affinity purified and then preadsorbed with dah embryos. For staining microtubules, monoclonal mouse anti-c~-tubulin antibody (T9026; Sigma Chemical Co., St. Louis, MO) was used. The embryos were then washed with PBS and incubated with Cy3-conjugated goat anti-rabbit or antimouse secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 1 h in the dark. After washing in PBS, they were incubated with fluorescein-conjugated phalloidin (Molecular Probes, Inc., Eugene, OR) and 4',6-diamidino-2-phenylindole (DAPI) 1 (Sigma Chemical Co.) for 20 min in the dark. After final washing in PBS, the embryos were mounted in 90% glycerol, 0.t M Tris-HC1, pH 8.0, and 0.5% wt/vol n-propyl gallate.
For nuclear morphology studies of the wild-type and dah-embryos, epifluorescence from DAPI staining was photographed with a microscope (Laborlux; E. Leitz, Inc., Rockleigh, NJ) on TMAX 400 film (EastmanKodak Co., Rochester, NY). The nuclear cycle was determined based on nuclear density counts. The laser scanning confocal images were collected using a fluorescence microscope (Axiovert; Carl Zeiss, Inc., Thornwood, NY) equipped with a ×40/1.30 Plan-Neofluar lens. The triple-stained embryos were first staged by epifluorescence from DAPI to monitor the nuclear morphology before it was switched to the confocal mode.
Results
Isolation of a New Female Sterile Mutant with an Early Embryonic Lethal Phenotype
We have previously used P-element transposon-mediated mutagenesis to generate lethals deficient in the topoisomerase I gene, which is located at 13C1 on the X chromosome (Lee et al., 1993 ; see also Fig. 1 A) . We have isolated additional female sterile and lethal mutants and have carried out genetic crosses to group them into different complementation groups. All the lethals form one complementation group, which corresponds to deficiencies in topl. One of the female sterile complementation groups, which includes two alleles, fs(1)30 and fs(1)36, appears to affect the early embryonic development and has been further characterized. While male flies are not affected by these mutations, females with either homozygous or heterozygous mutations in these two alleles develop normally and deposit eggs with normal morphology. However, these embryos fail to develop into the gastrulation stage. Further analysis indicates that there are extensive disruptions in the actin hexagonal arrays (see later sections in Results), and therefore, these mutants are named dah (discontinuous actin hexagon). These female steriles are clearly in a different complementation group than topl lethals, since the heterozygous fly like fs(1) dah3°/l(1)top177 is neither lethal nor sterile. To locate dah that is affected in these female steriles, we have generated germline transformants with transgenes of DNA segments in and around the topl locus (Fig. 1 A) fly strain 438, which was used in our mutagenesis experiment. We screened for the mutants generated by imprecise excision events associated with remobilized P-element. Shown here are six mutants that have been placed into two complementation groups. 
GATATTTCAC ACTGGAAAAA TCCCCTACAA GCTGGTTTTG GCCATTTTGG ATCGCCATAA 300
GGGCTTCGCT GGTGGTCGCC ACGAGCCGGG TCATCGGATG TGCGAGGTCT TCGTGGAGGA 1020 sophila translational start (Cavener, 1987) , and all the exon/ intron junctions are consistent with the published consensus sequences (Mount et al., 1992) . While there is no poly A cleavage/addition consensus sequence (AAUAAA) present near the 3' end, there are four related sequences with single-nucleotide substitutions (Fig. 2 A; see also Sheets et al., 1990 (Fig. 1 B) .
fs(1)dah 36 also contains a deletion, the exact end points of which are not determined. Genomic Southern experiments suggest that the deletion removes upto intron 2 and possibly exon 3 (Fig. 1 B) . Therefore, both mutations are null and are consistent with their phenotype being recessive.
The Sequence of dah Protein Exhibits Limited but Significant Homology to Mammalian Apodystrophins
The cytogenetic location and phenotype of dah indicate that they are novel mutants in Drosophila. Sequence searches with both genomic DNA sequences and the predicted open reading frame do not recover any entry in the Drosophila database. However, BLAST search of the GenBank database identifies homology between the dah protein and a family of proteins related to the COOH-terminal domains of dystrophin. Dystrophin is a multidomain protein of 427 kD and plays a critical role in the linkage of cytoskeleton to extracellular matrix in muscle cells (for review see Ahn and Kunkel, 1993; Blake et al., 1994) . The NH2-terminal domain is homologous to et-actinin, and the central domain consists of 13-spectrin repeats (Koenig et al., 1988) . The carboxyl terminus of dystrophin is characterized by a cysteine-rich region followed by a coiled-coil domain (Blake et al., 1995) . Through the use of different promoters and RNA processing, there are a few smaller proteins expressing the carboxyl domains of dystrophin, including apodystrophin-1 (Dp71), apodystrophin-2, and apodystrophin-3 (Ahn and Kunkel, 1993; Blake et al., 1994) . In addition, there is an 87-kD postsynaptic protein from the electric eel, which also displays modest homology (25 % identity) with this region of dystrophin (Wagner et al., 1993) .
The alignment between dah protein and apodystrophin-1 (or the carboxyl-terminal domains of dystrophin) shows sequence matches throughout these molecules (Fig. 2 B) . There are 20% identities and 42% similarities in this homology alignment. By comparing the alignment of a randomized sequence pool generated from dah sequence, the homology score between dah protein and apodystrophin-1 is better than the mean of the randomized pool by more than eight standard deviations, thus suggesting that the limited homology between dah and apodystrophins is statistically significant. In the cysteine-rich region, corresponding to the amino-terminal domain of dah/apodystrophin, six of the cysteines are conserved and four of them are replaced by histidines or homologous substitutions (Fig. 2 B) . After this domain, both proteins show a propensity for forming coiled-coil structure using an algorithm originated from Lupus et al. (1991) . However, the exact locations of coiled-coil structures are not aligned between dah and apodystrophin (Fig. 2 B) .
Embryos from dah Mutant Females Exhibit Extensive Nuclear Fusion Starting from Cycle 13 Anaphase
Our initial results showed that embryos from dah-mothers could not enter gastrulation stages. To further analyze their cytological defects, we have examined the nuclear morphology of developing embryos collected between 0-3 h after oviposition. Since both fs (1) (Fig. 3 C) . These should be compared with clearly spaced nuclei at the same stage in a wild-type embryo (Fig. 3 A) . At a higher magnification, the mutant embryo frequently contains closely packed pairs of daughter chromosomes that run parallel to each other, and neighboring chromosomes are in close contact (Fig. 3 D; compare with wild type in Fig. 3 B) . During the interphase of nuclear cycle 14, there is extensive nuclear fusion over the entire surface (Fig. 3 G; compare with wild type in Fig. 3 E) . Shown in higher magnification, the nuclear morphology of the mutant embryos is deteriorated by fusion events (mutant vs wild type in Fig. 3 , H and F). These embryos arrest their development at this stage and never enter gastrulation. While dah function is not critical for the axial and cortical nuclear migration during early embryonic stages, it is needed for the blastoderm stages, a function consistent with it being a maternal effect gene.
Abnormal Nuclear Morphology in dah Mutant Embryos Is Correlated with Cytoskeletal Structure Defects
Since cytoskeletal structure in early embryos plays a critical role in nuclear migration and divisions (for review see Schejter and Wieschaus, 1993; Miller and Kiehart, 1995) , it is possible that the nuclear morphology defects in dahmutants are correlated with defective cytoskeletal structure in the blastoderm stages. We have monitored the microtubule and F-actin structure in the mutant embryos, and apparent defects have been found in pseudocleavage furrows. One such example is shown for an embryo in the metaphase of cycle 12 (Fig. 4 B vs 4 A) . Actin filaments of this mutant embryo show interruptions and discontinuities, especially at vertices where furrows intersect. However, most mitotic spindles appear normal, surrounded by a discontinuous actin network. The defects seem to be restricted to the pseudocleavage furrows because actin caps of the next cycle (cycle 13) form normally at the interphase (compare Fig. 4 D with 4 C). Similar observations are also made in mutant embryos between cycles 11 and 13 in the syncytial blastoderm. The normal function of dah may be to stabilize the specialized cytoskeletal structure in these transient furrows. Absence of dah in null mutants resuits in disruptions of the furrows, especially at the intersecting points where stresses are expected to be the greatest. The furrow defect eventually leads to apparent nuclei fusion at the end of cycle 13. Since the nuclear density at cycle 13 is higher than at previous cycles, there is an increased probability of nuclear collisions without any stable physical barriers. In addition to the defects in pseudocleavage furrows, cleavage furrows during cellularization are also disrupted in the mutant. For normal embryos at the cellularization stage, invaginating furrows form interconnected hexagons, each of which encloses a tubulin dome (Fig. 4, E and G) . In marked contrast, dah-embryos have extensive disruptions in microfilament andmicrotubule structures (Fig. 4,  F and H) . The regularity and continuity of actin network are totally missing. Related to this observation, many furrows fail to invaginate properly (Fig. 4 H) . The abnormal microtubule structure appears to correlate with nuclear defects: different sizes of tubulin domes cap different numbers of nuclei that have been fused together (data not shown). Therefore, the nuclear morphology defect observed in the cycle 14 interphase, as described earlier (see Fig. 3 , G and H), is also related to the disruptions of cytoskeletal structure at cleavage furrows.
Dah Protein Is Expressed Only in the Early Embryonic Stages
The cytogenetic data suggest that dah gene product is critical for embryonic development during blastodermal stages. To monitor the expression of dah protein during Drosophila embryogenesis and to localize its distribution, we have expressed dah in bacteria and used it to generate polyclonal antibody. The isolated 71-kD recombinant dah protein also served as a ligand to purify rabbit antibody by affinity chromatography. The specificity of dah antibody was examined by immunoblots of embryo extracts. Protein extracts were prepared from the following three embryo samples: wild type, dah mutant, and dah mutant with p[DSR] to rescue dah phenotype. Identical amounts of protein were loaded on an SDS polyacrylamide gel (Coomassie-stained portion; Fig. 4 A) . From the immunoblots of the same gel, dah antibody specifically detects a single band with a size of 71 kD in the wild-type embryos (Fig. 5 B,  lane 6 ). This signal is missing in dab-embryos (Fig. 5 B,  lane 7) and restored in embryos from dah-mother with p[DSR] transgene (Fig. 5 B, lane 8) . When other proteins, DNA topoisomerases 1 and IT, are examined in the same set of samples, all three samples yield comparable amounts of signal (Fig. 5, C and D) . In addition to demonstrating the specificity of dah antibody, these results also confirm that the defects in dah-embryos are caused by the absence of dah expression.
We have monitored dah expression during various developmental stages to further understand the function of dah protein during Drosophila development. Both the Northern analysis and immunoblots (Fig. 6, A and B) show that dah expression is primarily in the embryos with ages spanning 0-6 h. While dah protein expression is only detected in the embryos at the early stages of development, dah message is observed both in early embryos and adult flies (Fig. 6, lanes 9 in A and B) . The adult expression of dah message is primarily limited to the ovaries (data not shown), a result consistent with maternal function of dah gene product. However, no protein expression could be detected in ovaries (data not shown). To further define the expression pattern of dah protein during early embryonic development, we prepared the extracts from embryos that were staged hourly between 0 and 6 h. The expressions of dah protein in these embryos were analyzed by quantifying the immunoblot data (Fig. 6 C) . The maximal expression is in the embryos of 2-3-h-old, and the signal rapidly declines beyond this point. This period of embryonic development corresponds to the transition between syncytial blastoderm (cycle 13) and cellularization in cycle 14 (for review see Foe et al., 1993) . We have also monitored the stage of development in our embryo collection by the nuclear staining with DAPI, and they are within these nuclear cycles. The cytological studies of the dahmutants indicate that dah gene is essential for embryonic development from cycle 13 to cycle 14. The maximal expression of dah protein therefore appears to coincide with the period when dah gene is critically required.
Localization of dah Protein in the Pseudocleavage and Cleavage Furrows
The mutant phenotype studies suggest that dah may be involved in setting up pseudocleavage furrows in the syncytial blastoderm and cleavage furrows in the cellular blastoderm. To address this question, we have localized dah protein and a known cytoskeletal protein, F-actin, during the early development. Colocalization of these two proteins will give rise to yellow/orange signals in the overlays of the immunofluorescence images shown in Fig. 7 .
Preblastoderm. Before cycle 10, all nuclear divisions occur in the interior of the embryos. In these preblastoderm stages, a number of cytoskeletal components including actin, tubulin, ~/13 H spectrin isoforms, and myosin colocalize in a cortical layer underneath the cytoplasmic membrane of the embryos (Warn et al., 1984; Karr and Alberts, 1986; Pesacreta et al., 1989; Young et al., 1991; Thomas and Kiehart, 1994) . Dah protein signal, also found in the cortex (Fig. 7 A) , colocalizes with actin. Since dah-embryos show no apparent abnormalities at this stage and can de- there. In the pseudocleavage furrows, dah protein colocalizes with F-actin, based on both sagittal and surface images (Fig. 7 B, upper and lower panels) . However, there is a significant difference in the spatial distribution of these two proteins as evidenced by the green staining on the surface and yellow/orange staining in the furrow regions. Actin is evenly distributed underneath the entire plasma membrane with invaginations to encircle the dividing pair of mitotic chromosomes (Karr and Alberts, 1986 ; see also Fig. 7 B) . On the other hand, dah protein appears to be more concentrated in the pseudocleavage furrows, thus giving a more intense staining there (Fig. 7 B) . During anaphase, actin retreats from the pseudocleavage furrows and redistributes as caps over each newly formed nucleus (Karr and Alberts, 1986) . While dah protein also undergoes redistribution, a significant amount of dah still remains in the pseudocleavage furrows (data not shown). Furthermore, dah is concentrated in between the divided pair of nuclei, a position marked as the furrows for the next nuclear cycle. Initial experiments indicate that a fraction of dah is persistently distributed in the furrows throughout the nuclear cycles, strongly suggesting a critical role for dah in organizing these specialized cytoskeletal structures. 1-9) . Identical amounts (5 Ixg) of total RNA were loaded in each lane and processed for blot/hybridization probed by either dah (upper panel) or RP49 as loading controls (lower panel). The dah probe was derived from 1.9-kb BamHI eDNA fragment in dah (see Fig. 1 B) . The dah transcript can be detected in 0-2-h and 2-6-h embryos and adult collections. The amount of mRNA in the pupal sample was lower by ~50%. However, an overexposure of dah-probed blot failed to reveal any signal in pupal sample. (B) Developmental Western analysis. Total proteins were extracted from the same developmental stages as above. Recombinant dah protein isolated from E. coli was loaded in lane M to serve as a marker. Around 100 ~g of total protein was loaded in each lane. Dah expression is detected only in 0-2-and 2~-h embryos. (C) Quantitation of the dah protein expression. The relative amounts of dah expression during the first 6 h of embryogenesis were determined by densitometry of immunoblots. The error bars depict SD from three independent experiments. Cellular Blastoderm. During the interphase of cycle 14, the membrane invaginates to form cleavage furrows around each of the ~6,000 cortical nuclei. Most of the components in the pseudocleavage furrows participate in the formation of the cleavage furrows in cycle 14 as well. At early interphase of cycle 14, before cellularization, F-actin forms caps, and dah protein concentrates at the edges of the actin caps (Fig. 7 C) . In addition, dah marks presumptive, future cleavage furrows deep into the cytosol. This is evidenced by an image taken 4 txm below the embryo surface in which dah protein shows punctate staining in those presumptive furrows (Fig. 7 D) . Actin remains in the caps and is not present in these furrow locations (Fig. 7 D) . During the slow phase of cellularization, dah concentrates in cleavage furrows and also has similar punctate furrow staining ahead of the furrow canals that mark the invaginating membrane fronts (Fig. 7 E) . Actin networks are mainly found in the membrane fronts at this stage (Fig. 7 E) . When the fast phase of cellularization starts, dah signal is primarily in the cleavage furrows and not detected anywhere else (Fig. 7 F) . It may be associated with the newly formed plasma membranes around each elongated nucleus. Actin filaments concentrate in the invaginating front of the furrow canals and in the basal constrictive rings
